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Abstract-   This study investigated the optimization of turning process parameters such as cutting speed, feed rate and 
depth of cut on EN-19 material using the Grey Relational Analysis (GRA) method. Twenty seven experimental runs based 
on an orthogonal array of Taguchi method were performed. The feed force (FX), tangential force (FY) and surface 
roughness (Ra) were selected as the quality targets. An optimal parameter combination of the turning operation was 
obtained using GRA. By analyzing the grey relational grade matrix, the degree of influenced for each controllable process 
factor onto individual quality targets can be found. The depth of cut is identified to be the most influence on feed force 
and tangential force, and feed rate is the most influential factor to the surface roughness. Additionally, the analysis of 
variance (ANOVA) was also applied to identify the most significant factor; the depth of cut is the most significant 
controlled factor for the turning operation according to the weighted sum grade of the feed force, tangential force and 
surface roughness.
Keywords – Feed force, Tangential force, Surface roughness, Grey based Taguchi, ANOVA. 
I. INTRODUCTION
Turning is a very important machining process in which a single point cutting tool removes material from the 
surface of a rotating cylindrical workpiece. The cutting tool is fed linearly in a direction parallel to the axis of 
rotation. It has long been recognized that conditions during cutting, such as feed rate, cutting speed and depth of cut 
should be selected to optimize the economics of machining operations, as assessed by productivity, total 
manufacturing cost per component or some other suitable criterion.
Chrong-Jyh Tzeng et.al., [1] investigate the optimization of CNC turning operation parameters using the grey 
relational analysis method. Nine experimental runs based on an orthogonal array of Taguchi method were 
performed. Additionally, the analysis of variance (ANOVA) is also applied to identify the most significant factor; 
the depth of cut is the most significant controlled factors for the turning operations according to the weighted sum 
grade of the roughness average, roughness maximum and  roundness.
Ahilan C., et.al., [2] used Taguchi's L27 orthogonal array design based on grey relational grade value optimum levels 
of process parameters have been identified by using response table and response graph. The optimum level of 
process parameters are cutting speed 100 m/min., feed rate 0.1 mm/rev., depth of cut 0.2 mm and nose radius 0.4 
mm. The author's concluded that the proposed method is having prediction accuracy and competency.
M. Nalbant, H.Gokaya, G.Sur [3] showed that the Taguchi method is used to find the optimal cutting parameters for 
surface roughness in turning. Three cutting parameters namely insert radius, feed rate and depth of cut are optimized 
with considerations of surface roughness.
G. Akhyar, C.H.Che Haron, J.A.Ghani [4] investigated that Taguchi optimization methodology is applied to 
optimize cutting parameters in turning Ti-6%, Al-4%, V extra low interstitial with coated and uncoated cemented 
carbide tools under dry cutting condition and high cutting speed.
Yang et.al., [5] used the Taguchi method to investigate the cutting characteristics of S45C steel bars using Tungsten 
carbide cutting tools. The optimal cutting parameters, namely, cutting speed, feed rate and depth of cut for turning 
operations, with regard to performance indexes such as tool life and surface roughness were considered. In their 
study, cutting speed, feed rate and depth of cut were the primary factors investigated. One of the most important 
parameters in tool geometry is the tool nose radius. It strengthen the tool point. It also produced better surface finish, 
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because tool marks are not deep as formed by sharp tools. In this study, tool nose radius has been taken into account 
along with cutting speed, feed rate and depth of cut.
Nihat Tosum [6] used the grey relational analysis technique and determined the optimum drilling process 
parameters. Various drilling parameters such as feed rate, cutting speed, drill type and point angles were considered 
and optimized by the grey relational grade obtained from the grey relational analysis for multi-performance 
characteristics (surface roughness and the burr height)
Kao et. al., [7] obtained grey relational grade using grey relational analysis while electro chemical polishing of the 
stainless steel. Optimal machining parameters were determined by the grey relational grade as the performance 
index. They observed that the performance characteristics such as surface roughness and passivation strength are 
improved.
C.L.Lin [8] employed the Taguchi method and grey relational analysis to optimize turning operation with multiple 
performance characteristics including tool life, cutting fore and surface roughness. The three turning controllable 
factors cutting speed, feed rate and depth of cut were used. The L9 orthogonal array was employed and concluded
that the proposed approach and the grey relational analysis provide the same results.
Saparuddin et. al., [9] focused on the analysis of optimum cutting conditions to get lowest surface roughness in 
turning SCM 440 alloy steel by Taguchi method. The results were analyzed using analysis of variance (ANOVA) 
method. Taguchi method had shown that the depth of cut has significant role to play in producing lower surface 
roughness followed by feed rate. The cutting speed has lesser role on surface roughness from the tests.
Wang and Lan [10] used orthogonal array of Taguchi method coupled with grey relational analysis considering four 
parameters namely cutting speed, feed rate, tool nose run off etc.,  for optimizing three responses; surface roughness, 
tool wear and material removal rate in precision turning on an ECOCA-3807 CNC lathe. The MINITAB software 
was explored to analyze the mean effect of Signal - to - Noise (S/N) ratio to achieve multi-objective features. This 
study not only proposed an optimization approaches using orthogonal array and grey relational analysis but also 
contributed satisfactory technique for improving multiple machining performance in precision CNC turning with 
profound insight.
Grey relational analysis
Grey data processing must be performed before grey correlation coefficients can be calculated. A series of various 
units must be transformed to be dimensionless. Usually, each series is normalized by dividing the data in the original 
series by their average. Let the original reference sequence and sequence for comparison be represented as x0(k) and 
xi(k), i=1, 2, ..., m; k=1, 2, ..., n, respectively, where m is the total number of experiment to be considered, and n is 
the total number of observation data. Data preprocessing converts the original sequence to a comparable sequence. 
Several methodologies of preprocessing data can be used in grey relation analysis, depending on the characteristics 
of the original sequence
The original data has the quality characteristic as ‘smaller the better’, then original data is pre-processed as ‘smaller 
the better’
xi*(k) = 
(k)minx(0)i(k)maxx
(0)
i
(k)x(0)i(k)maxx
(0)
i


            (1)
Where max xi(0) (k) and min xi(0) (k) are the maximum and minimum values respectively of the original 
sequence xi(0)(k). Comparable sequence xi* (k) is the normalized sequence of original data
Grey Relation grade
The grey relational co-efficient 
?ij = 
?max?(k)?oi
?max??min

   (2)
where 
a) j=1,2,…n; k=1,2,…m, n is the number of experimental data items and m is the number of responses.
b) y0(k) is the reference sequence (y0(k) = 1, k=1,2,…m); yj(k) is the specific comparison sequence.
c) ?oj= (k)x*i(k)x*0 
d) ?min = (k)x*i(k)x
*0min
k
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jei


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e) ?max = (k)x*i(k)x*0max
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
f) ??????????????????????????-efficient which is defined in the range 0??????????????? may adjusted based on 
the practical needs of the system) = 0.5.
The grey relational grade  ij is expressed as
 ij = 

m
1i
?ijk
1       (3)
Where  j the grey relational grade for the j
th experiment and k is the number of performance characteristics. The 
grey relational grade shows the correlation between the performance sequence and the comparability sequence. The 
evaluated grey relational grade varies from 0 to 1and equals 1 if these two sequences are identically coincident. The 
higher grey relational grade implies the better quality; on the basis of grey relational grade, the factor effect can be 
estimated and the optimal level for each controllable factor can also be determined.
Also, the original sequence is normalized by a simple method in which all the values of the sequence are divided by 
the first value of the sequence
xi* (k) = 
(1)x(0)i
(k)x(0)i     (4)
A grey relational grade is a weighted sum of the grey relational coefficients, and is defined as follows
 ( xx *i*0, ) = )k(),k(( xx *i*0
n
1k
k

)


n
1k
k = 1
Here, the grey relational grade ( x
*
i,x
*
0 ) represents the level of correlation between the reference and 
comparability sequences. If the two sequences are identical, then the value of the grey relational grade equals to one. 
The grey relational grade also indicates the degree of influence exerted by the comparability sequence on the 
reference sequence. Consequently, if a particular comparability sequence is more important to the reference 
sequence than other comparability sequences, the grey relational grade for that comparability sequence and the 
reference sequence will exceed that for other grey relational grades. The GRA is actually a measurement of the 
absolute value of data difference between the sequences, and can be used to approximate the correlation between the 
sequences.
II. EXPERIMENTATION
The EN-19 steel is selected as the work material for turning operation. The following process parameters were 
selected for the present work: Cutting speed - (A), feed rate – (B), depth of cut – (C),  Tool holder –
MTJNR2020K16 and the coated carbide inserts are used for the trials. Cutting conditions – Dry, Tool overhang – 40 
mm. The EN-19 steel rods of 45 mm diameter and length of 300 mm was machined on HMT A28-2487 Lathe using 
coated carbide inserts. The turning parameters were chosen based on the testing information provided by the 
industry for the machining of EN-19 steel and the workpiece was machined as per these parameters, which are 
tabulated in Table 1. The feed force (FX) and tangential force (FY) was measured using lathe tool dynamometer and 
the surface roughness (Ra) is measured using Talysurf surface tester. The standard L27 orthogonal array were 
applied, for each trial three sets of readings are recorded and the results of the experiments for twenty seven trials 
were reported in Table 2. 
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Table-1 Process parameters
No Process parameters Level - 1 Level - 2 Level - 3
1 Cutting speed (m/min) (A) 90.5 132 290.3
2 Feed rate (mm/rev.)     (B) 0.125 0.187 0.218
3 Depth of cut (mm)       (C) 0.5 1.0 1.5
III. ANALYSIS OF RESULTS
Best experimental run
The experimental results for feed force, tangential force and surface roughness are listed in Table 2. Typically 
smaller values of FX, FY, and Ra are desirable. Thus the data sequences have the smaller – the – better characteristic, 
the smaller – the-better methodology was employed for data pre-processing.
The values of the FX, FY, and Ra are set to be the reference sequence x0(0)(k), k = 1-3. Moreover, the results of 27 
experiments were the comparability sequences )()0( kxi , i = 1…,27, k = 1-3. Table 3 listed all of the sequences after 
implementing the data preprocessing using equation 1. The reference and the comparability sequences were denoted 
as )(*0 kx and )(* kxi ?????????????????????????????????????????????oi???oi ????????????oi min(k) for i = 1 to 27, k = 1- 3 
ca??????????????????01(1) = )(*1)(
*
0 kxkx  = 2973.07027.01 
The distinguishing co-efficient can be substituted for grey relational co-efficient in equation 3. If all the process 
parameters have equal weighting, is set to be 0.5.  
The grey relational co-efficient and the grey relational grade can be calculated using the equations 2 and 3 
respectively and these are tabulated in Table 4. Since the grey relational grades represented the level of correlation 
between the reference and the comparability sequences, the larger grey relational grade means the comparability 
sequence exhibiting a stronger correlation with the reference sequence. Based on this study, one can select a 
combination of the levels that provide the largest average responses. From table 6, the combination of A2B1C1 
shows the largest values of the grey relational grade for the factors A,B and C respectively. 
Table-2    Experimental results
NO FX (N) FY (N) Ra (µm)
1 2 3 1 2 3 1 2 3
1 100 100 110 240 250 250 3.08 3.77 3.83
2 210 210 220 450 460 450 4.39 4.43 4.57
3 250 250 260 560 540 530 5.40 5.56 5.56
4 130 130 130 380 380 380 4.75 4.90 4.95
5 260 260 260 750 760 760 6.51 6.59 6.99
6 240 250 250 870 880 880 9.50 9.55 9.65
7 140 140 150 420 420 420 6.21 6.29 6.42
8 270 280 290 800 820 880 8.11 8.75 8.88
9 420 450 500 930 1030 1120 9.65 9.75 9.85
10 130 130 140 270 270 270 2.0 2.13 2.10
11 220 220 220 470 470 470 1.96 2.20 2.38
12 310 310 310 650 650 650 2.12 2.36 2.51
13 120 120 120 370 370 380 5.03 5.13 5.18
14 260 260 260 670 670 670 5.27 5.32 5.40
15 380 390 390 900 900 900 5.35 5.83 5.95
16 130 140 140 420 440 440 5.71 5.94 6.00
17 280 280 280 740 740 740 6.12 6.21 6.51
18 410 410 410 1050 1050 1060 6.37 6.50 6.95
19 150 150 150 280 280 280 2.13 2.18 2.34
20 240 250 260 480 480 490 2.20 2.24 2.29
21 340 350 360 670 680 690 2.07 2.17 2.32
22 130 140 150 340 350 360 4.69 4.93 5.14
23 300 310 320 670 680 690 4.70 4.84 5.06
24 410 420 430 910 920 930 5.32 5.46 5.67
25 140 150 160 390 400 410 6.51 6.74 6.81
26 330 340 350 780 790 800 6.89 7.13 7.45
27 470 480 490 1090 1100 1110 7.45 7.6 7.71
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Optimal parameter combination:
A2 - B1 - C1
Cutting speed = 132 m/min., Feed rate = 0.125 mm/rev and Depth of cut = 0.5 mm  
 
Table-3   Sequences after data preprocessing for Reference and Comparability sequence.
Reference 
/comparability 
sequence
FX FY Ra
Reference sequence 1.0000 1.0000 1.0000
comp
parabi
lity
seque
nce
1 2 3 1 2 3 1 2 3
1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.8544 0.7848 0.7768
2 0.7027 0.7105 0.7179 0.7529 0.7529 0.7701 0.6840 0.6982 0.6813
3 0.5946 0.6053 0.6154 0.6235 0.6588 0.6782 0.5527 0.5499 0.5535
4 0.9189 0.9211 0.9487 0.8353 0.8471 0.8506 0.6372 0.6365 0.6323
5 0.5676 0.5789 0.6154 0.4000 0.4000 0.4138 0.4083 0.4147 0.3690
6 0.6216 0.6053 0.6410 0.2588 0.2588 0.2759 0.0195 0.0262 0.0258
7 0.8919 0.8947 0.8974 0.7882 0.8000 0.8046 0.4473 0.4541 0.4426
8 0.5405 0.5263 0.5385 0.3412 0.3294 0.2759 0.2003 0.1312 0.1252
9 0.1351 0.0789 0.0000 0.1882 0.0824 0.0000 0.0000 0.0000 0.0000
10 0.9189 0.9211 0.9231 0.9647 0.9765 0.9770 0.9948 1.0000 1.0000
11 0.6757 0.6842 0.7179 0.7294 0.7412 0.7471 1.0000 0.9908 0.9639
12 0.4324 0.4474 0.4872 0.5176 0.5294 0.5402 0.9792 0.9698 0.9471
13 0.9459 0.9474 0.9744 0.8471 0.8588 0.8506 0.6008 0.6063 0.6026
14 0.5676 0.5789 0.6154 0.4941 0.5059 0.5172 0.5696 0.5814 0.5742
15 0.2432 0.2368 0.2821 0.2235 0.2353 0.2529 0.5592 0.5144 0.5032
16 0.9189 0.8947 0.9231 0.7882 0.7765 0.7816 0.5124 0.5000 0.4968
17 0.5135 0.5263 0.5641 0.4118 0.4235 0.4368 0.4590 0.4646 0.4310
18 0.1622 0.1842 0.2308 0.0471 0.0588 0.0690 0.4265 0.4265 0.3742
19 0.8649 0.8684 0.8974 0.9529 0.9647 0.9655 0.9779 0.9934 0.9690
20 0.6216 0.6053 0.6154 0.7176 0.7294 0.7241 0.9688 0.9856 0.9755
21 0.3514 0.3421 0.3590 0.4941 0.4941 0.4943 0.9857 0.9948 0.9716
22 0.9189 0.8947 0.8974 0.8824 0.8824 0.8736 0.6450 0.6325 0.6077
23 0.4595 0.4474 0.4615 0.4941 0.4941 0.4943 0.6437 0.6444 0.6181
24 0.1622 0.1579 0.1795 0.2118 0.2118 0.2184 0.5631 0.5630 0.5394
25 0.8919 0.8684 0.8718 0.8235 0.8235 0.8161 0.4083 0.3950 0.3923
26 0.3784 0.3684 0.3846 0.3647 0.3647 0.3678 0.3589 0.3438 0.3097
27 0.0000 0.0000 0.0256 0.0000 0.0000 0.0115 0.2861 0.2822 0.2761
 
Most influential factor
Grey relational analysis was applied to find the most influential factor among the turning process parameters that 
affect the feed force, tangential force and surface roughness. The values of the factor level in twenty seven 
experimental runs are set to the comparability sequences for three  controllable factors as shown in table 5. The data 
preprocessing was employed according to equation 4 and the normalized results were tabulated in table 5. The 
deviation sequences were calculated using the same method . To obtain the grey relational co-efficient the deviation 
sequences and the distinguishing co-efficient were substituted in equation 2. Additionally, the grey relational co-
efficient are arranged using equal weighting to obtain grey relational grade.
The grey relational grades obtained are arranged in matrix form shown as follows
???
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Table-4   The calculated grey relational co-efficient and grey relational grade for 27 comparability sequence
No. FX FY Ra G.grade Rank
1 2 3 1 2 3 1 2 3
1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.7744 0.6991 0.6913 0.9072 2
2 0.6271 0.6333 0.6393 0.6693 0.6693 0.6850 0.6127 0.6236 0.6107 0.6412 13
3 0.5522 0.5588 0.5652 0.5705 0.5944 0.6084 0.5278 0.5262 0.5283 0.5591 15
4 0.8605 0.8636 0.9070 0.7522 0.7658 0.7699 0.5795 0.5790 0.5762 0.7393 7
5 0.5362 0.5429 0.5652 0.4545 0.4545 0.4603 0.4580 0.4607 0.4421 0.4861 19
6 0.5692 0.5588 0.5821 0.4028 0.4028 0.4085 0.3377 0.3393 0.3392 0.4378 21
7 0.8222 0.8261 0.8298 0.7025 0.7143 0.7190 0.4750 0.4780 0.4728 0.6711 10
8 0.5211 0.5135 0.5200 0.4315 0.4271 0.4085 0.3847 0.3653 0.3637 0.4373 22
9 0.3663 0.3519 0.3333 0.3812 0.3527 0.3333 0.3333 0.3333 0.3333 0.3465 27
10 0.8605 0.8636 0.8667 0.9341 0.9551 0.9560 0.9897 1.0000 1.0000 0.9362 1
11 0.6066 0.6129 0.6393 0.6489 0.6589 0.6641 1.0000 0.9820 0.9326 0.7495 5
12 0.4684 0.4750 0.4937 0.5090 0.5152 0.5210 0.9600 0.9431 0.9043 0.6433 12
13 0.9024 0.9048 0.9512 0.7658 0.7798 0.7699 0.5560 0.5595 0.5572 0.7496 4
14 0.5362 0.5429 0.5652 0.4971 0.5030 0.5088 0.5374 0.5443 0.5401 0.5305 16
15 0.3978 0.3958 0.4105 0.3917 0.3953 0.4009 0.5314 0.5073 0.5016 0.4370 23
16 0.8605 0.8261 0.8667 0.7025 0.6911 0.6960 0.5063 0.5000 0.4984 0.6830 9
17 0.5068 0.5135 0.5342 0.4595 0.4645 0.4703 0.4803 0.4829 0.4677 0.4866 18
18 0.3737 0.3800 0.3939 0.3441 0.3469 0.3494 0.4658 0.4658 0.4441 0.3960 25
19 0.7872 0.7917 0.8298 0.9140 0.9341 0.9355 0.9577 0.9870 0.9417 0.8976 3
20 0.5692 0.5588 0.5652 0.6391 0.6489 0.6444 0.9412 0.9719 0.9533 0.7213 8
21 0.4353 0.4318 0.4382 0.4971 0.4971 0.4971 0.9722 0.9896 0.9463 0.6339 14
22 0.8605 0.8261 0.8298 0.8095 0.8095 0.7982 0.5848 0.5764 0.5604 0.7395 6
23 0.4805 0.4750 0.4815 0.4971 0.4971 0.4971 0.5839 0.5844 0.5669 0.5182 17
24 0.3737 0.3725 0.3786 0.3881 0.3881 0.3901 0.5337 0.5336 0.5205 0.4310 24
25 0.8222 0.7917 0.7959 0.7391 0.7391 0.7311 0.4580 0.4525 0.4514 0.6646 11
26 0.4458 0.4419 0.4483 0.4404 0.4404 0.4416 0.4382 0.4325 0.4201 0.4388 20
27 0.3333 0.3333 0.3391 0.3333 0.3333 0.3359 0.4119 0.4106 0.4085 0.3599 26
 
In grey relation analysis, the maximum value in each row represents the most influential factor that affect the 
output variable. By comparing Row1, Row2, and Row3, some conclusion can be drawn from this matrix.
?????????????????????X????????X????????X,A) it means that order of importance for the controllable factor of FX, in 
sequence is the factor C,B and A.
??? ???? ??????? ????? ???Y,??????Y,??????Y,A) the order of importance for the controllable factors of FY, in 
sequence is the factor C,B and A.
Similarly based on the third row, ???a????????a????????a,A) the order of importance for the controllable factors 
of Ra, in sequence is the factor B,C and A.
Additionally, Table 7 gives the results of the analysis of variance (ANOVA) for the FX, FY and Ra using the 
calculated values from the grey relational grade of Table 4. According to the Table 7, the factor C that is the depth 
of cut with 59.3% contribution is the most significant controlled parameter for the turning operation, the feed rate 
with 38.6% and the cutting speed with 1.1% has the least significant contribution for the minimization of the feed 
force, tangential force and surface roughness if simultaneously considered.
 
Table-5 Sequences after data preprocessing for the References and comparability sequences of FX, FY and Ra
Expt.
run
Comparability seq. Reference seq. FX Reference Seq. FY Reference seq. Ra
A B C 1 2 3 1 2 3 1 2 3
1 1 1 1 1 1 1 1.0000 1.00 1.00 1.0000 1.0000 1.0000
2 1 1 2 2.1 2.1 2.0 1.8750 1.84 1.80 1.4253 1.1751 1.1932
3 1 1 3 2.5 2.5 2.4 2.3333 2.16 2.12 1.7532 1.4748 1.4517
4 1 1.49 1 1.3 1.3 1.2 1.5833 1.52 1.52 1.5422 1.2997 1.2924
5 1 1.49 2 2.6 2.6 2.4 3.1250 3.04 3.04 2.1136 1.7480 1.8251
6 1 1.49 3 2.4 2.5 2.3 3.6250 3.52 3.52 3.0844 2.5332 2.5196
7 1 1.74 1 1.4 1.4 1.4 1.7500 1.68 1.68 2.0162 1.6684 1.6762
8 1 1.74 2 2.7 2.8 2.6 3.3333 3.28 3.52 2.6331 2.3210 2.3185
9 1 1.74 3 4.2 4.5 4.5 3.8750 4.12 4.48 3.1331 2.5862 2.5718
10 1.46 1 1 1.3 1.3 1.3 1.1250 1.08 1.08 0.6494 0.5650 0.5483
11 1.46 1 2 2.2 2.2 2.0 1.9583 1.88 1.88 0.6364 0.5836 0.6214
12 1.46 1 3 3.1 3.1 2.8 2.7083 2.60 2.60 0.6883 0.6260 0.6554
13 1.46 1.49 1 1.2 1.2 1.1 1.5417 1.48 1.52 1.6331 1.3607 1.3525
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14 1.46 1.49 2 2.6 2.6 2.4 2.7917 2.68 2.68 1.7110 1.4111 1.4099
15 1.46 1.49 3 3.8 3.9 3.5 3.7500 3.60 3.60 1.7370 1.5464 1.5535
16 1.46 1.74 1 1.3 1.4 1.3 1.7500 1.76 1.76 1.8539 1.5756 1.5666
17 1.46 1.74 2 2.8 2.8 2.5 3.0833 2.96 2.96 1.9870 1.6472 1.6997
18 1.46 1.74 3 4.1 4.1 3.7 4.3750 4.20 4.24 2.0682 1.7241 1.8146
19 3.21 1 1 1.5 1.5 1.4 1.1667 1.12 1.12 0.6916 0.5782 0.6110
20 3.21 1 2 2.4 2.5 2.4 2.0000 1.92 1.96 0.7143 0.5942 0.5979
21 3.21 1 3 3.4 3.5 3.3 2.7917 2.72 2.76 0.6721 0.5756 0.6057
22 3.21 1.49 1 1.3 1.4 1.4 1.4167 1.40 1.44 1.5227 1.3077 1.3420
23 3.21 1.49 2 3.0 3.1 2.9 2.7917 2.72 2.76 1.5260 1.2838 1.3211
24 3.21 1.49 3 4.1 4.2 3.9 3.7917 3.68 3.72 1.7273 1.4483 1.4804
25 3.21 1.74 1 1.4 1.5 1.5 1.6250 1.60 1.64 2.1136 1.7878 1.7781
26 3.21 1.74 2 3.3 3.4 3.2 3.2500 3.16 3.20 2.2370 1.8912 1.9452
27 3.21 1.74 3 4.7 4.8 4.5 4.5417 4.40 4.44 2.4188 2.0159 2.0131
 
Table-6   Response table for grey relational grade
Levels FactorsA B C
1 0.5806 0.7432 0.7765
2 0.6235 0.5632 0.5566
3 0.6005 0.4982 0.4716
 
Confirmation test   The optimal parameter combination for the achieving minimum feed force, tangential force and 
surface roughness is obtained using grey relational analysis is A2B1C1 that is cutting speed of 132 m/min., feed rate 
of 0.125 mm/rev. and depth of cut of 0.5 mm.  Confirmation test was carried out by using A2B1C1 optimal setting. 
The results of the confirmation test were feed force (FX) of 120N, Tangential force (FY) of 260 N and the surface 
roughness (Ra) is 1.95µm. The confirmation test results are better than the experiments in Table 2 (refer row no.10).
Table-7   ANOVA for Grey relational grade
Factor DOF SS MSS Fcal %P
A 2 0.008300 0.004150 18.755517 1.1
B 2 0.290060 0.145030 655.435302 38.6
C 2 0.445469 0.222735 1006.607415 59.3
AB 4 0.003163 0.000791 3.573843 0.4
BC 4 0.000378 0.000094 0.427196 0.1
AC 4 0.002358 0.000589 2.663658 0.3
Error 8 0.001770 0.000221 0.2
Total 26 0.751498 100
IV. CONCLUSION
The present work has successfully demonstrated the application of Taguchi based grey relational analysis for multi-
objective optimization of process parameters in turning operation of EN-19 steel. The conclusions can be drawn 
from the present work are as follows:
1.   The highest grey relation grade of 0.9362 was observed for the experimental run no.10, shown in response
table 4 of the average grey relational grade, which indicates that the optimal combination of control factors and 
their levels are 132 m/min cutting speed, 0.125 mm/rev. feed rate and 0.5 mm depth of cut.
2.  The order of importance for the controllable factors to the minimum feed force (FX) in sequence of C,B,A, for the 
tangential force (FY) in sequence of C,B,A and for the minimum surface roughness (Ra) in sequence of B,C,A. 
3.   During the experimental investigation, it is observed from the table of ANOVA that the depth of cut is the most 
influential control factor among the three turning process parameters for minimization of feed force, tangential 
force and surface roughness when simultaneously considered.
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